This article primarily represents the contributions of two young investigators to the understanding of the neuropsychological consequences of epilepsy and its treatment. The authors have reviewed two key areas of importance: the complex relationship between cognitive dysfunction and epilepsy and the risks of cognitive dysfunction in children as a consequence of in utero exposure to antiepileptic drug treatment. The work of two young investigators is presented and future research needs are outlined.
been a welcomed twist toward investigation of the risk posed to cognitive development by in utero exposure to AEDs.
1.1.2.
Published research-Early studies documented the potential teratogenic effects of AEDs in the 1960s and 1970s, with some documenting increased levels of "development delay" [5] . According to Bromley [3] , there have been in excess of 80 observational studies and case reports conducted over the last 25 years commenting on, although not always formally assessing, the cognitive abilities of children born to WWE. Over time the typical methodology has increasingly moved from case series reports and retrospective studies to large well-designed prospective studies (Fig. 1 ).
Published information regarding the cognitive effects of in utero exposure to phenytoin and/or phenobarbital has been conflicting probably because of methodological differences and the combination of these two groups in some reports. More instances of global cognitive impairment (defined as an IQ ˂ 70) have been reported [5, 7] , whereas others have failed to find an effect [8] . A small number of cohorts of adolescents and adults with a history of prenatal exposure to phenytoin and/or phenobarbital suggest difficulties are present and persist [9] .
Carbamazepine has been investigated by more prospective observational studies than any other AED. In a Finnish prospective study, a history of prenatal exposure to carbamazepine did not have a significant impact on IQ in children aged between 5 and 9 years [10] . A lack of significant influence of carbamazepine on cognitive development and functioning was replicated in the Liverpool and Manchester Neuro development Group's prospective study [11] and by Wide and colleagues [12] . Recently, however, findings from the NEAD study have raised questions in relation to higher doses [13] . Further, a recent study reported significantly increased rates of below-average performance for the children exposed to carbamazepine [14] , though no information was presented regarding the dose of carbamazepine and the age of the children in the group exposed to carbamazepine ranged from 8 to 90 months, which may have introduced bias.
A picture consistent with that of major congenital malformations is beginning to emerge that highlights exposure to sodium valproate as associated with the largest risk for later impairment of cognitive functioning. A relatively large retrospective study by the Liverpool and Manchester Neurodevelopment Group found a significant association between in utero exposure to sodium valproate and poorer Verbal IQ [15] . The Liverpool and Manchester Neurodevelopment Group's prospective study found a significant impact of sodium valproate exposure that was not attributed to confounding factors in children under the age of 2 years [11] . The NEAD study group 1 found that in utero exposure to sodium valproate significantly impacted the IQ of children aged 3 in comparison to children exposed to carbamazepine, lamotrigine, and phenytoin [16] . Prospective data from the Indian Pregnancy Register [17] and the observational study by Cummings and colleagues from the UK Pregnancy and Epilepsy Register [14] replicated findings of poorer early development following in utero exposure to sodium valproate.
With changes in prescribing practices, research investigating exposure to lamotrigine and levetiracetam is emerging. IQ in children exposed to lamotrigine is reported to be significantly higher than that in children exposed to sodium valproate [11, 14, 16] , but more research is needed to draw conclusions. Collaboration between the UK Pregnancy and Epilepsy Register and the Liverpool and Manchester Neurodevelopment Group has shown that in utero exposure to levetiracetam is associated with better cognitive performance in children under the age of 2 years in comparison to children exposed to sodium valproate in utero [18] .
Criticism of published research and research
to be undertaken in the future-As the number of prospective studies increases, the results become more harmonious, particularly with respect to in utero exposure to sodium valproate. The previous lack of consistency over the risk AED exposure poses to the cognitive development of the child was probably due to methodological differences. According to Nicolai and colleagues [19] , the majority of research conducted and published prior to 2008 could be criticized on the following grounds: selection bias, ill-defined terms, inadequate power, absence of a control group, failure to account for confounding variables, and inappropriate outcome measures. On this basis, a number of recommendations have been made (see Table 1 ).
It is proposed here that future research should consider further points in addition to those listed in Table 1 : different AEDs should not be combined, the assessments should consider more than simply IQ, and the follow-up should extend throughout childhood. Differential out-comes have been reported for different AEDs [10] [11] [12] [13] [14] [16] [17] [18] ; combining different AED types into a single group for analysis may result in unreliable outcomes. IQ is considered an aggregate score comprising of a number of cognitive functions (e.g., attention, language, processing speed, memory, reasoning, inhibition) [20] . It should not be assumed that AEDs will impact all aspects of cognitive functioning and that certain functions are not more affected than others. As noted below, in the section by Bromley, the documentation of specific cognitive abilities provides a more comprehensive and reliable understanding of the implications posed by AED exposure in utero. Further, the age of the children should be considered carefully as certain cognitive skills may not be assessed reliably until school age or even later, leading to premature conclusions when based on young cohorts [21] .
The majority of the recommendations by Nicolai and colleagues are reasonable and should be implemented in future research. The recommendation, however, that WWE should be recruited prior to pregnancy will likely lead to an unrepresentative sample because of the number of pregnancies that are unplanned. It is acknowledged that data pertaining to paternal IQ and education as well as maternal IQ and education is important, but it poses practical difficulties. Parental IQ influences child development through both genetic and environmental pathways, but the levels of contact a father has with his children will vary from family to family and, in some cases, his identity may be unknown. Finally, the use of AED comparisons is useful but may lead to unreliable conclusions if there is no control group representative of the general population. For example, the NEAD study [13, 16] provides useful information about sodium valproate, but is unable to provide information on other AEDs other than they are associated with better outcomes than sodium valproate. The utilization of a general population control group is necessary for investigation of milder deficits.
Significant methodological progress has been made with more recent studies that have produced reliable and valid information. Gaily et al. [10] , Wide et al. [12] , Meador et al. [13, 16] , the Liverpool and Manchester Neurodevelopment Group [3, 11] , the Kerala Registry [17] , and the UK Epilepsy and Pregnancy Registry [14, 18] have all published prospective data with adequate numbers to detect differences in neuropsychological functioning. Although Meador et al. [13, 16] and Thomas et al. [17] did not include a control group, they provided comparisons between AED types and control for potential confounding variables, but were unable to comment on milder effects that may be associated with AED exposure. The NEAD group, in particular, has drawn useful conclusions pertaining to doses of different monotherapy AEDs [13] . The Liverpool and Manchester Neurodevelopment Group (outlined in detail below), Gaily et al. [10] , and Wide et al. [12] report results in comparison to a control group representative of the general population and report no effect of exposure to carbamazepine in utero. The collection of neuropsycho-logical data from children enrolled into Pregnancy and Epilepsy Registries has shown that it is a useful method by which to ascertain prospective cohorts [14, 17, 18] , although they should not be prioritized above prospective observational studies in which the main aim is to document cognitive development over the childhood years. The follow-up of children to assess cognitive development is expensive and practically challenging, but neither of these should be taken as impossible barriers.
Summary-The need for further high-quality research on currently prescribed
AEDs is warranted if WWE are going to be provided with reliable and valid information about the risks for their unborn children. Current knowledge suggests that sodium valproate carries the largest risk to cognitive development and functioning. Future research should be prospective and longitudinal, include a control group, be adequately powered, consider individual AED groups, document AED dose changes and seizure frequency, use standardized neuropsychological methods with up-to-date normative samples, follow up until at least school age, be completed by qualified assessors blind to the AED exposure type, and aim to document abilities in individual domains as well as IQ. Finally, the analysis should seek to statistically control for the influence of confounding factors [3] . child, with a few exceptions. Only recently have the risks to cognitive development begun to become apparent in studies with improved methodology.
My doctoral research comprised a prospective study assessing the cognitive development of children born to WWE and women without epilepsy. Four main AED groups were recruited from antenatal clinics in the northwest of England and reflected prescribing practices at the time (mainly carbamazepine, lamotrigine, sodium valproate, and polytherapy). Details regarding maternal epilepsy, lifestyle, IQ, and socioeconomic status were collected and considered within the analysis [3, 11] .
A significant risk of major congenital malformations was found for children exposed to sodium valproate in utero (11%, OR= 5.94, 95% CI = 1.84-19.19) [1] . Results pertaining to the children's early cognitive development revealed that children exposed to sodium valproate during pregnancy had a significantly poorer level of cognitive development, in comparison to both the control children and the children exposed to other AEDs. Exposure to sodium valproate was causally related to child assessment scores when confounding factors were controlled for [11] . An increased number of children exposed to sodium valproate (29%, RR= 3.6, 95% CI 1.7-7.5) fell below the average range, indicating that the differences are not merely statistical, but represent a clinically relevant decrease in cognitive development and functioning [11] .
At 6 years of age, children in this cohort were reassessed with a comprehensive battery informing on IQ, language, memory, learning, and attentional abilities. Consistent with the early development results, school-aged children exposed to sodium valproate in utero differed significantly from control children across all cognitive assessments (the exception being visual attention), with an increased number falling below the average range (36-46% depending on the cognitive skill) [3] . Significantly more children exposed to sodium valproate in utero required educational support (34%) and speech and language therapy (46%). In addition to poorer cognitive abilities, our program of research has also documented an increased risk of autistic spectrum disorders (ASD) in the children exposed to sodium valproate [22] , which is consistent with the findings of retrospective research [23, 24] and animal data [25, 26] .
Carbamazepine or lamotrigine exposure in utero was not found to be associated with poorer cognitive development or ASD [3, 11, 22] . The exception was that in utero exposure to carbamazpine was associated with poorer general memory performance. These results were reported as an interim analysis [3] , with the full cohort results expected in 2011.
Recently, the Liverpool and Manchester Neurodevelopment Group collaborated with the UK Epilepsy and Pregnancy Registry to investigate the cognitive development of children exposed to levetiracetam in utero. The cognitive abilities of the children exposed to levetiracetam under 2 years of age did not differ from those of the control children and were significantly higher in comparison to those of the children exposed to sodium valproate in utero [18] .
2.1.2.
Research Implications-Our research findings have a number of clinical and research implications.
Documentation of the cognitive abilities of children exposed to antiepileptic drugs.:
Our research has highlighted that there is an increased risk of cognitive difficulties, particularly for children exposed to sodium valproate. The results provide evidence that the detrimental effects of certain AEDs on early neuronal development [27] likely translate into clinically measurable cognitive difficulties in the child. It is apparent from our program of research that as the cognitive demand increases, the discrepancy between the children exposed to sodium valproate and their peers increases [3] . However, questions in relation to the other AEDs remain more difficult to answer.
Increased incidence of cognitive difficulties.:
The increased frequency of children with cognitive difficulties is larger than that reported for major congenital malformations following exposure in utero. In our prospective cohort, for example, 11% of children exposed to sodium valproate were found to have major congenital malformations, but under 2 years of age, 29% scored outside of the average range for their early development. At 6 years of age, this had increased to 36% for global cognitive ability and around 46% for attentional and memory abilities [3] . It is noted that the frequency of belowaverage cognitive ability is higher in the background population than major congenital malformations, but what is highlighted here is that more children are likely to present with cognitive difficulties than major congenital malformations following exposure to sodium valproate.
Are the group differences clinically meaningful?:
An increased incidence of children scoring below the average range indicates that our results represent more than statistical differences between group means [11] . Although the incidence of formal intellectual disability (IQ ˂ 70) is lower than reported in the retrospective literature [15] , a significantly increased number of children exposed to sodium valproate had a global cognitive ability score ˂ 84. Formal psychometric scores less than 1 SD lower than the mean are associated with poorer educational achievements that will impact occupational attainment [21] and, therefore, have lifelong consequences. Cognitive difficulties also translate into increased rates of educational support and speech therapy.
A more comprehensive understanding of the cognitive domains affected.:
The assessment of specific cognitive domains rather than IQ in isolation provides a more reliable and comprehensive understanding of the child's cognitive functioning. At 6 years of age, attention, language, and memory abilities appear most commonly affected in the children exposed to sodium valproate in utero [3] , which likely translates into poor IQ scores reported in the literature [15, 16] . Documenting specific cognitive deficits also provides avenues for intervention and support.
Influence of preconceptual counseling on women with epilepsy.:
Health care professionals now have more reliable evidence to discuss with the potential mother to allow her to make an informed decision regarding her treatment. The provision of percentages of children falling below the average range provides treating physicians with a level of risk, but percentages will vary over neuropsychological measures, particularly those with older normative samples [28] . Adjusted coefficients may be a more reliable way to communicate information. For example, in our 6-year outcome data, a child's attentional, memory, language, and global cognitive abilities were between 8 and 14 points lower following in utero exposure to sodium valproate when the effects of confounding variables are held constant. Considering that most cognitive abilities are measured with assessments with a mean 100 with a SD of 15, these represent significant implications.
Epidemiological reports document a decrease in the use of sodium valproate in women of childbearing age and an increase in the use of other AEDs, including lamotrigine and levetiracetam, which is likely due to increased concerns regarding risks to the fetus [29, 30] .
2.1.3.
Directions for the future-Although recent research has increased our knowledge regarding the risks posed to cognitive development, questions remain to be answered.
1.
The effects of sodium valproate are most often reported because of a higher incidence of negative outcomes, enabling risk and profile to be documented with ease [3] . Less clear are the risks posed by the other established and newer AEDs. A number of prospective studies have shown that carbamazepine is not associated with poorer cognitive abilities [10] [11] [12] ; however, recent data from the NEAD study have shown that there may be a risk with higher doses [13] .
Research is needed that uses large groups to enable investigation of subtle deficits that may be present in school-aged children exposed to any AED in utero and considering dose effects.
2.
The increased incidence of ASD following in utero exposure to AEDs requires consideration. Few prospective studies have included ASD as an outcome but there is retrospective evidence [23, 24] , and our prospective evidence adds weight to concerns over sodium valproate [22] . Additional studies are required to outline the exact nature of the risk of ASD from in utero exposure to AEDs, particularly sodium valproate.
3.
Research also needs to address the mediating factors between AED exposure and negative outcomes in the child. The principles of teratogenicity would assume that there is genetic variability [31] . Further, animal research proposes that certain AEDs disrupt normal brain development [26, 27] , but human studies are lacking. Investigations around potential neuroanatomical changes in the brain detected by imaging will provide insight into the mechanisms underpinning cognitive impairments and, in the future, may even help to identify children at risk of impaired cognitive development or neurodevelopmental disorders.
4.
Research should also be directed toward understanding the developmental trajectory of children exposed to AEDs through adolescence and adulthood. Only then can it be said that the full implications of in utero exposure to AEDs are known. 
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5.
Future research should aim to address the possible contributory nature of confounding variables such as transient seizure exposure, socioeconomic status, home environment, and parental education and consider their possible interaction with AED exposure. Children do not live in isolated environments, and therefore, multiple factors are likely to be influential over cognitive development.
6.
Finally, AED use during pregnancy is likely to be unavoidable for the majority of WWE. Therefore, future research needs to consider intervention and support for WWE and their children. Children with a history of prenatal exposure to AEDs should be viewed as an "at risk population" for poor cognitive development and neuro developmental disorders. Research needs to investigate the best way to enhance variables in the child's environment to ensure the best possible development, despite in utero exposure. Health and educational professionals who have contact with children in their early years need to be provided with information on the best way to assess and support children who are at an increased risk of cognitive and neurodevelopmental difficulties.
In summary, we are only a fraction of the way through and there is a lot more to be done! Future research should be designed considering the points above. Further, this type of research should also be applied to other chronic conditions in which medication use during pregnancy is essential. 
Cognitive effects

Cognitive effects of antiepileptic drugs-
The magnitude of AED-induced cognitive effects is usually smaller than that of the effects of epilepsy-related factors [34] . However, AEDs are the primary therapeutic modality for epilepsy, and the choice of AED is under the control of the physician. Thus, understanding the cognitive effects of AEDs is important in assessing the risk-to-benefit ratio of specific AED therapies. AEDs reduce neuronal irritability but also reduce neuronal excitability and, so, may impair cognition. The primary effects of AEDs on cognition include reductions in psycho-motor processing speed, sustained attention (i.e., vigilance), and learning. All AEDs may impair cognition, but the side effects are usually modest for monotherapy when anticonvulsant blood levels are within standard therapeutic ranges [34] . Even these "modest" cognitive side effects can be clinically pertinent as greater AED neurotoxicity symptoms are associated with lower perceived quality of life, even in the absence of overt toxicity on examination [35] . The risks of adverse cognitive side effects increase with greater AED dosages and blood levels and the use of polypharmacy [34] . Differential cognitive effects of AEDs exist. The most consistent adverse effects are observed with barbiturates, benzodiazepines, and topiramate. Intermediate effects are seen with carbamazepine, oxcarbazepine, phenytoin, and valproate. Fewer cognitive side effects occur with lamotrigine, levetiracetam, tiagabine, and vigabatrin [34] . However, many AEDs have not been tested, and the relative effects of many AEDs have not been fully determined. The noncompleter patients cannot be compared directly to completers because the noncompleter patients will be tested off AED, or even if still on AED, the patient will have a shorter test interval, which could alter test performance by affecting test-retest practice effects or by reducing the time for brain habituation to AED effects. One possible alternative is to test all subjects earlier during treatment so that if patients drop out their early performance may be used to impute later cognitive performance based on the relationship of early to late performance in completers. In multicenter studies, reliability and consistency of assessments at each center need to be ensured by training and monitoring of testers. An alternative is the use of computerized assessments, but the computer test battery needs to demonstrate reliability, validity, and sensitivity to AEDinduced cognitive effects. Analysis and interpretation problems include type I error, use of inappropriate statistics, nonorthogonal contrasts, and comparison of studies with nonequivalent designs/statistics. Because of individual variability in cognitive performance and test-retest effects on performance, reliable change indices may be of utility in assessing the clinical significance of changes. Finally, the magnitude and impact of the statistical findings need to be evaluated for clinical significance, taking into account the overall risk-tobenefit ratio of the AED and the severity of the seizure disorder.
Design issues-
Future studies need to learn from past mistakes and apply appropriate designs and analyses. Systematic evaluation of all AEDs with head-to-head comparisons should be conducted. Systematic testing should be a routine part of the drug development process. This is particularly a concern for populations at special risk (see below). The use of sensitive batteries that employ common elements across studies should be encouraged. The tests could include physiological measures (e.g., EEG-based), which give insight into direct cerebral effects of the AEDs.
Special populations-Cognitive impairments induced by
AEDs may be of particular concern for adults with jobs requiring speed or sustained vigilance and for children in whom the additive effects during neuro development may have long-lasting consequences. In addition, the elderly have increased susceptibility to cognitive effects of drugs for both pharmacokinetic and pharmacodynamic reasons. The elderly are more likely to be on multiple drugs and have deficits from cognitive disorders, both of which can increase the risk of AED-induced impairments. Thus, additional investigations are needed to delineate the cognitive effects of all AEDs at age extremes, especially in the fetus, children, and the elderly.
3.1.5.
Psychotropic effects-Antiepileptic drugs may also produce positive or negative behavioral alterations (e.g., mood stabilization, irritability/agitation, psychosis) [35] . Most AEDs can produce negative behavioral effects in some patients. Carbamazepine, lamotrigine, and valproate have established positive psychotropic effects. Several of the other AEDs may also have positive psychotropic effects. AED psychotropic effects are of special importance given the high comorbidity of psychiatric disorders in patients with epilepsy [35] . Future research is needed to better profile the positive and negative psychotropic effects of all AEDs and delineate the impact of these effects on psychiatric comorbidities [36] .
3.1.6. Individual variability-Considerable variability in susceptibility to AED-induced cognitive and behavioral side effects exists across individuals. Investigations are needed to understand the factors contributing to this variability. Such studies could lead to methods and biomarkers that can predict individual adverse responses. These might include cognitive, electro-physiological, or pharmacogenetic measures. Techniques to monitor AED cognitive effects in a clinical setting need to be developed. At present, clinical monitoring is largely done by asking the patient about side effects. However, a patient's perception of his or her cognitive performance is more related to mood than actual objective performance [37] . Techniques are required that are brief, are cost effective, and have defined reliable change indices (RCIs).
Neurobiological mechanisms-
The actual neurobiological mechanisms of AED-induced adverse cognitive and psychotropic effects are poorly understood. AEDs largely affect neurotransmission (e.g., GABA, sodium channels, calcium channels, and glutamate receptors) [38] . Potential mechanisms might include reduction of sustained highfrequency repetitive firing, altered neuronal responses (firing rate or threshold effects), reduced speed of response, and disruption of coherent activity, long-term potentiation, or synaptogenesis. Animal models of neural processing, neurotransmitters, long-term potentiation, memory, and apoptosis may provide insights. In humans, direct measures of brain activity are needed such as alterations in EEG spectral patterns, event-related potential latencies, Granger causality, and MRI. For example, several older AEDs produce an EEG pattern similar to that of a mild diffuse encephalopathy, with generalized slowing and increased power in the lower-frequency ranges, but some newer AEDs produce a different pattern [39] .
3.1.8. Cognitive enhancement-There is a need to develop treatments that enhance cognition in patients with epilepsy. Despite the high frequency of cognitive impairments in patients with epilepsy, there has been little research on how such deficits might be ameliorated. The approach may include not only drugs to enhance cognition, but also an improved understanding of how seizures and interictal discharges affect cognition and behavior and if AEDs can alter these effects across the short term and long term.
3.1.9. Translation into clinical practice-Research findings should be efficiently translated into clinical practice, but this is frequently not the case. Assessments are needed to determine the knowledge of patients and physicians with respect to AED-induced cognitive and behavioral effects, and how this knowledge translates into changes in care including prescription and monitoring practices.
3.1.10. Conclusions-Antiepileptic drugs can induce clinically meaningful adverse cognitive and behavioral side effects. Our understanding of these effects is incomplete. Additional studies are needed to improve the care of patients with epilepsy ( Table 2 ).
Promising Areas of Research and Young Investigators
Beth A. Leeman
Cognitive effects of epilepsy and its treatments 4.1.1. Introduction-Patients with epilepsy often demonstrate cognitive deficits, which may compromise quality of life [40] [41] [42] . A variety of factors may contribute to cognitive dysfunction in the setting of epilepsy, including seizure type, frequency, and severity; interictal discharges; underlying brain injuries; age at onset; side effects of treatment; and psychosocial and psychiatric comorbidities [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] .
The types of deficits that may be present, and the types of epilepsy in which they occur, however, remain unclear. Furthermore, the mechanisms underlying cognitive dysfunction in epilepsy are unknown. Without a clear understanding of these issues, treatment options are limited. We are developing a research program that will help to better understand cognition in the context of epilepsy, with a focus on the characterization of deficits, prediction of cognitive outcomes after epilepsy surgery, identification of underlying mechanisms, and development of methods for treatment of cognitive dysfunction. Our goal is to translate knowledge gained from this research into the care of patients, to enhance cognitive performance and avoid detrimental effects of epilepsy and its treatments.
Cognitive effects of epilepsy surgery-Patients may experience cognitive
decline following surgical resection for the treatment of refractory seizures [61, 62] . The types of deficits sustained, long-term outcomes, and methods for outcome prediction, however, are not fully understood.
Although anterograde memory dysfunction is common in the setting of epilepsy, for example, the extent to which remote memory deficits occur is uncertain. We recently examined remote memory function in healthy controls and patients with temporal lobe epilepsy (TLE) after standard anterior temporal lobectomy (ATL) [63] . Data revealed poorer memory in subjects with epilepsy compared with controls for events dating up to 31-36 years prior to testing, without significant relationships to anterograde memory function. The data supported the hypothesis that memory deficits in the setting of epilepsy occur not only with anterograde tasks, but with tests of remote memory as well. It was not clear, however, whether the deficits were caused by resection and to what degree performance was dependent on hippocampal involvement. In our current study, subjects with localizationrelated epilepsy will undergo cognitive testing to evaluate remote, autobiographical, and prospective memory pre-and postresection. Results will be compared across patients with TLE, patients with extra-TLE, and healthy controls to assess the effects of localization.
It is also important to identify the time course of deficits sustained with epilepsy surgery. Standard ATL can worsen memory impairments immediately after surgery, and limited data suggest continued impairments over the several years following resection [64] [65] [66] . The longterm effects of surgery on memory ability in conjunction with aging, however, are unclear. Our preliminary results in patients up to 18 years post-ATL suggest poorer verbal memory performance compared with normative values obtained in healthy controls, without a significant effect of time since surgery. Predictive factors of poor outcome included leftsided resections and lower preoperative verbal memory test scores.
To identify those at greatest risk for cognitive decline after surgery, we also examined whether hippocampal asymmetries in fluorodeoxyglucose (FDG) uptake on preoperative PET scans would predict post temporal lobectomy verbal memory decline in patients with left TLE [67] . Preoperative asymmetries in hippocampal metabolism were not related to postoperative changes in verbal memory. Post hoc analyses revealed a trend for relatively greater preoperative metabolism in left superior and inferior temporal gyri to predict better verbal memory outcomes. This finding suggested reorganization of function and/or retained function of remaining tissue.
Findings of these investigations serve to underscore the need to fully characterize the types of, and risks for, deficits with epilepsy and epilepsy surgery. Results may ultimately affect testing strategies, surgical planning, counselling of patients, and methods for cognitive rehabilitation.
Cognitive effects of interictal epileptiform discharges-Prior studies
found an association between disruptions of cognitive task performance and the presence of focal or generalized interictal epileptiform discharges (IEDs) in both animals and humans [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] 68] . Memory processes may be particularly vulnerable to the effects of IEDs [69] . In humans, IEDs impair verbal and non-verbal short-term [57] and long-term [70] memory and correlate with accelerated rates of long-term forgetting [70] . In our pilot data from adults with focal-onset seizures, a subject with frequent left temporal discharges had the lowest baseline scores across a number of cognitive tasks, including measures of verbal memory, verbal fluency, and executive function, suggesting that focal IEDs may impair cognition more broadly [71] .
These studies reflect the importance of understanding the role of IEDs in cognitive deficits, and our ongoing protocol examines the characteristics of hippocampal IEDs that lead to disruption of memory formation in humans with TLE. In a pilot study, patients with epilepsy undergoing intracranial monitoring completed verbal and nonverbal list learning tasks. The data demonstrated no significant relationship between the occurrence of hippocampal IEDs during encoding of stimuli and later recognition of the stimulus items [72] . Hence, it is possible that certain characteristics of IEDs are necessary for disruption to occur. These necessary features may relate to discharge duration, spatial extent, timing relative to stimulus onset, or presence of embedded high-frequency components. It is also possible that the effect of IEDs depends on the underlying functional and structural integrity of the hippocampus. Further study of these variables in a larger patient sample is necessary to determine in more detail the effects of IEDs on memory formation.
Mechanisms underlying cognitive dysfunction resulting from interictal
epileptiform discharges-Although cognitive deficits may be associated with seizures, IEDs, anticonvulsant medications, and surgical interventions, the mechanisms underlying the cognitive impairments are unknown. We are currently conducting a study to investigate the mechanism by which IEDs impair memory, evaluating the hypothesis that pathological high-frequency oscillations (HFOs) embedded within focal IEDs disrupt memory formation by interference with the normal EEG HFOs that underlie encoding. Although pathological oscillatory activity may signal the region of epileptogenesis in patients with focal epilepsy, normal oscillations are believed to underlie long-term potentiation, a process of enhancing synaptic transmission that leads to synaptic plasticity and memory formation [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] . Our study examines the differences between normal oscillatory activity and pathological HFOs that occur in the setting of hippocampal IEDs.
Treatment options-Current treatment strategies for memory loss in epilepsy
have limited efficacy and fail to target the likely pathophysiology. One mission of our research program is to develop new treatments for cognitive dysfunction in epilepsy based on our understanding of the underlying mechanisms.
Finding that IEDs disrupt memory formation, for example, would further highlight the need for investigations of IED suppression. Defining the properties of IEDs that lead to memory dysfunction may also serve to identify the groups of patients most in need of intervention.
We are currently conducting a study to evaluate whether suppression of IEDs leads to improvements in cognitive task performance in adults with focal onset seizures who are placed on levetiracetam initial monotherapy. EEG recordings with concurrent tests of attention, language, and memory are conducted pre-and posttreatment. In a preliminary analysis, subjects with infrequent discharges showed no significant changes in discharge frequency or task performance across sessions. In contrast, a subject with frequent left temporal discharges at baseline demonstrated a large decrease in IED activity and marked improvement in performance across multiple domains with treatment [71] . Improvements were seen in verbal and nonverbal recognition memory, as well as quality of life. These preliminary data provide initial evidence for a beneficial effect of spike reduction on cognition. Data collection is ongoing and includes subjects with generalized discharges treated with lamotrigine.
Additional studies evaluate the possible cognition-enhancing effects of other classes of medications. As memory deficits in the setting of epilepsy are thought to result from excitotoxic injury involving NMDA receptor hyperactivity, we are conducting a randomized, placebo-controlled, double-blinded study to evaluate the efficacy of an NMDA receptor antagonist, memantine, for the treatment of memory deficits in subjects with localizationrelated seizures. Future studies will also include a trial of vinpocetine, a sodium and calcium channel inhibitor believed to improve cerebral metabolism, enhance long-term potentiation and memory, elevate seizure thresholds, and potentially control release of excitotoxic neurotransmitters. We propose to conduct pilot studies in healthy volunteers and patients with epilepsy to assess the potential efficacy and safety of different dosages of vinpocetine in improving cognition. Future research may also focus on nonpharmacological methods for improving memory, including stimulation techniques to enhance normal or reduce abnormal oscillatory activity. If beneficial, these treatments would provide much-needed therapeutic options.
4.1.6. Conclusions-Cognitive dysfunction may be disabling for many patients with epilepsy. A better understanding of the character and etiology of cognitive deficits in epilepsy is needed, to help develop appropriate treatments. Our research program aims to understand cognition in the setting of epilepsy, including studies to help characterize the types of memory deficits seen in epilepsy, predict memory outcomes after epilepsy surgery, identify mechanisms underlying memory dysfunction, and develop pharmacological and nonpharmacological methods for the treatment of cognitive deficits. Study methodologies employed to investigate in utero exposure to AEDs over the last three decades. Republished with permission [6] . Table 1 Recommendations for future research proposed by Nicolai and colleagues [19] .
